The molecular features of hepatocellular carcinoma arising from non-alcoholic fatty liver disease (NAFLD-HCC) are not well known. In this study, we investigated the mechanism by which NAFLD-HCC survives in a fat-rich environment. We found that caveolin (CAV)-1 was overexpressed in clinical specimens from NAFLD-HCC patients. HepG2, HLE, and HuH-7 HCC cell lines showed decreased proliferation in the presence of the saturated fatty acids palmitic acid and stearic acid, although only HLE cells expressed high levels of CAV-1. HLE cells treated with oleic acid (OA) showed robust proliferation, whereas CAV-null HepG2 cells showed reduced proliferation and increased apoptosis. CAV-1 knockdown in HLE cells attenuated the OA-induced increase in proliferation and enhanced apoptosis. Liquid chromatography-tandem mass spectrometry analysis revealed that the levels of OA-containing ceramide, a pro-apoptotic factor, were higher in HepG2 and CAV-1-deficient HLE cells than in HLE cells, suggesting that CAV-1 inhibits apoptosis by decreasing the level of OA-containing ceramide. These results indicate that CAV-1 is important for NAFLD-HCC survival in fatty acid-rich environments and is a potential therapeutic target.
NAFLD (NAFLD-HCC) are moderate or high differentiation, the absence of encapsulation, and better postoperative prognosis when compared with HCV-associated or alcohol abuse-associated HCC. 10 Although the reasons why NAFLD-HCCs show such features are largely unknown, a fat-rich environment might be related to NAFLD-HCC features. The liver of NAFLD patients typically shows excessive accumulation of TGs within hepatocytes. Although TGs themselves are non-toxic, their components, FAs, exert toxicity by causing ER stress. Therefore, TG synthesis might provide a buffer against the accumulation of toxic FAs. 11 Therefore, NAFLD-HCC is presumed to have some mechanisms for survival in a cytotoxic FA-rich environment. 12, 13 We hypothesized that lipids or lipid-related proteins would have some influence on the proliferation of NAFLD-HCC. In this study, CAV-1 was identified as a significant molecule of NAFLD-HCC based on the association between lipids and proteins affecting them. We then elucidated the role of CAV-1 for the proliferation of NAFLD-HCC.
| MATERIALS AND METHODS

| Patient characteristics and clinical specimens
Human HCC tissues and adjacent non-HCC tissues were separately excised from the resected specimens of 20 patients with HCC. The patients' clinicopathological characteristics are listed in Table 1 . In this study, the definition of NAFLD encompassed the entire spectrum of fatty liver disease in individuals without significant alcohol consumption (men, <30 g/day; women, <20 g/day), ranging from fatty liver to steatohepatitis and cirrhosis. 14 Hepatitis C infection was considered to be present when patients showed positivity for HCV antibody but not hepatitis B virus antigen. Samples were snapfrozen with RNAlater (Applied Biosystems, Grand Island, NY, USA) in liquid nitrogen and stored at −80°C. The study was undertaken in accordance with the guidelines for pathological specimen handling and approved by the ethics committee of the Hamamatsu University School of Medicine (Hamamatsu, Japan). All patients provided informed consent for the procedures.
| Cell cultures and treatment
HepG2, HuH-7, and HLE cells were purchased from the Japanese 
| Cell proliferation assay
| Microarray analysis
Total RNA was extracted from frozen resected tissue specimens using the RNeasy Mini kit (Qiagen, Valencia, CA, USA). Total RNA quality and quantity were assessed with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
Gene expression profiles of HCV-HCC and NAFLD-HCC were determined with a Affymetrix GeneChip Human Gene 2.0 ST array (Affymetrix, Santa Clara, CA, USA), and data were analyzed using GeneSpring GX version 12.6 software (Agilent Technologies, Santa Clara, CA, USA). Hierarchical clustering analysis was carried out with a fold change of at least 2 and P < 0.05. We also used gene set enrichment analysis software (Broad Institute of Massachusetts Institute of Technology and Harvard University, http://www.broad.mit.ed u/gsea) to identify groups of genes that share a common biological function using the curated c2.cgp.v2.5.symbols.gmt database. Gene sets with false discovery rates of <25% or nominal P < 0.01 were defined as significant. Normalized microarray data were deposited in the Gene Expression Omnibus (accession no. GSE99131).
| Quantitative RT-PCR
Total RNA was extracted from resected specimens and cultured cells as described above, and reverse transcription was undertaken using the PrimeScript RT Reagent kit (Takara Bio, Otsu, Japan). The cDNA was amplified by qRT-PCR on a Thermal Cycler Dice Real Time System II (Takara Bio) using the Thunderbird qPCR Mix (Toyobo Life Science, Osaka, Japan). Sequences of primers used for amplification are shown in Table S1 .
| Immunohistochemistry
Every 10th section of 4-mm-thick sections containing both cancer and adjacent non-cancer regions, prepared from formalin-fixed paraffin-embedded tissue, was used to examine CAV-1 and CAV-2 expression. Sections were deparaffinized with sequential xylene and ethanol treatment followed by rehydration; antigen retrieval was car- Table   S2 . Immunostaining intensity was evaluated as follows: 0, no staining; 1, weak staining; 2, medium staining; and 3, strong staining. Alb, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; HCV, hepatitis C virus; NAFLD, non-alcoholic fatty liver disease; n.s., not significant; PIVKA-II, protein induced by vitamin K absence-II; PT, prothrombin time.
| Liquid chromatography-MS/MS
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with 500 μmol/L OA were compared by ANOVA. Representative lipid species in each condition and cell line were assigned with Lipid Search software (Mitsui Knowledge Industry, Tokyo, Japan) using additional independent high-resolution data obtained with a Q Exactive spectrometer (Thermo Fisher Scientific).
| Western blot analysis
Cells were lysed in chilled lysis buffer supplemented with a complete protease and phosphatase inhibitor cocktail (Roche, Basel, Switzerland). Protein extracts (20-40 μg) were subjected to 12% PAGE followed by electroblotting onto an Immobilon-P PVDF membrane (Millipore, Billerica, MA, USA). Immunoreactive bands were visualized using Enhanced Chemiluminescence Plus Western Blotting Detection Reagent (GE Healthcare) and ChemiDoc Touch (Bio-Rad, Hercules, CA, USA). Antibodies used in this study are listed in Table S2 . 
| Statistical analysis
| Additional methods
Preparation of an FA-BSA complex, lipid extraction, double knockdown, expression plasmids, and transmission electron microscopy are described in Documents S1-S5.
| RESULTS
| Distinct gene expression profiles of NAFLD-HCC and HCV-HCC
To identify genes that are up-and downregulated in NAFLD-HCC, we undertook mRNA microarray analysis using three sets of clinical NAFLD-HCC and HCV-HCC specimens. Patient profiles are shown in Table S3 . Hierarchical clustering and principal component analysis (Figs. 1,S1 ) revealed that the two HCC groups had distinct gene expression profiles. Of 48 227 genes analyzed, 498 showed at least twofold differences in expression between the two groups (P < 0.05), with 260 genes that were upregulated and 238 that were downregulated in NAFLD-HCC relative to HCV-HCC. A gene set enrichment analysis showed that, of the upregulated genes, 70 were associated with biological processes, 30 with cellular components, and 32 with molecular function gene sets, with a false discovery rate of <25% and nominal P < 0.01 (Fig. S2) . We focused on the gene sets associated with lipid synthesis and metabolism (Figs. S2,S3A ) and identified CAV-1
and CAV-2 as two genes that were markedly upregulated in NAFLD-HCC (Fig. S3B ).
| CAV-1 and CAV-2 abundantly expressed in NAFLD-HCC
To confirm the mRNA microarray results, we undertook a qRT-PCR analysis and found that CAV-1 and CAV-2 were significantly overexpressed in NAFLD-HCC compared to HCV-HCC ( Fig. 2A) . In patients with NAFLD, CAV-1 transcript levels were higher in cancerous than in non-cancerous lesions (P < 0.05) (Fig. 2B) . Conversely, in patients with HCV infection, non-cancerous tissue showed higher mRNA levels of CAV-1 and CAV-2 than cancerous lesions (Fig. 2B ). There were no differences in liver function between patients with NAFLD-HCC and HCV-HCC (Table 1 ).
In NAFLD-HCC samples, non-cancerous lesions showed typical The qRT-PCR and Western blot analyses revealed that HLE cells abundantly expressed CAV-1 and CAV-2, whereas HepG2 and HuH-7 cells showed no CAV-1 and CAV-2, faint CAV-1 and CAV-2 expression, respectively (Fig. 3A,B) . To determine whether CAV expression levels affect HCC progression in an FA-rich environment, we evaluated proliferation in cells cultured with or without PA, SA, and OA. In the presence of saturated FAs (PA and SA), all three cell lines showed a concentration-dependent decrease in cell proliferation (Fig. S5) . However, CAV-rich HLE cells, but not CAV-null HepG2
and HuH-7 cells, cultured with the monosaturated FA OA, showed increased cell proliferation (Fig. 3C) .
We examined the intracellular accumulation of TG by LC-MS/MS to determine whether OA is taken up by cells. A 16.8-fold increase in total TG level was observed in HLE cells treated with 500 μmol/L
OA, compared to the 2.5-fold increase observed in HepG2 cells (Fig. 3D) . In particular, OA (C18:1)-containing TG was highly enriched by OA supplementation (Table S4A) .
Triglyceride is generated by adding one FA leg to diacylglycerol (DG), whereas DG is generated by removing one FA leg from TG.
We therefore examined the TG/DG ratio and found that it was increased by 11.4-fold in HLE cells but decreased by 0.7-fold in HepG2 cells cultured with 500 μmol/L OA (Fig. 3E) . These results suggest that CAV-1 induces OA incorporation of the TG form to prevent FA-induced cytotoxicity. In the absence of CAV-1, OA supplementation promotes the conversion of TG to DG, thereby releasing cytotoxic FA.
| CAV silencing abrogates OA-induced increase in cell proliferation and change in intracellular TG levels
To examine their role in HCC, we silenced CAV-1 and CAV-2 genes in HLE cells using siRNAs (Fig. 4A,B) . CAV-1 and CAV-2 knockdown | 2405 abolished the OA-induced increase in HLE cell proliferation (Fig. 4C ).
Interestingly, intracellular TG level was increased 1.7-fold in these cells (Fig. 4D, Table S5 ), whereas the TG/DG ratio was decreased 0.58-fold (Fig. 4E) by CAV-1 knockdown. These results suggest that CAV-1 influences the intracellular TG/DG ratio rather than OA incorporation in HCC cells.
As shown in Figure 4 (B), the expression of the other caveolin proteins seemed to increase when the targeted caveolin gene was knocked down, suggesting a compensatory mechanism (#1-4 of CAV-1 siRNA, and #2 and #4 of CAV-2 siRNA). To eliminate such compensation, we undertook double knockdown of both CAV-1 and CAV-2 in HLE cells. Similarly to the single knockdown experiments, proliferation of double knockdown HLE cells was inhibited (Fig. S6 ).
| Caveolin-1 suppresses OA-induced apoptosis
We next examined the expression of apoptosis-related proteins and found that OA supplementation did not affect the phosphorylation of the anti-apoptotic protein AKT in CAV-null HepG2, CAV-rich HLE, or CAV-1/-2-silenced HLE cells (Fig. 5A-C) . Moreover, the level of the pro-apoptotic protein cleaved caspase-3 was increased by exposure to OA (≥500 μmol/L) in HepG2 cells (Fig. 5A) but not in HLE cells (Fig. 5B) . Knockdown of CAV-1 but not of CAV-2 resulted in increased cleaved caspase-3 levels in OA-treated cells (Fig. 5C ). In transmission electrical microscopy, only CAV-1-silenced HLE cells morphologically showed apoptotic changes (Fig. S7) . Moreover, CAV-1-overexpressing HepG2 cells showed increased cell proliferation in 500 μmol/L OA-containing medium (Fig. S8 ).
Liquid chromatography-MS/MS analysis showed that the total intracellular level of ceramide, a pro-apoptotic sphingolipid, was decreased in a concentration-dependent manner in CAV-rich HLE but not CAV-null HepG2 cells exposed to OA (Fig. 5D, left panel) .
The level of OA (C18:1)-containing ceramide was also decreased in a concentration-dependent manner in HLE cells by OA exposure (Fig. 5D, right panel) . Additionally, the OA-containing ceramide level was increased 1.68-fold by CAV-1 knockdown (Fig. 5E, left panel) , 
| DISCUSSION
In this study, we investigated the mechanisms by which NAFLD-HCC survives in a fat-rich environment by identifying the specific genes involved by microarray profiling. CAV-1 and CAV-2 were identified as novel NAFLD-HCC-related genes (Figs. 1,S1 ,S2). Our qRT-PCR and immunohistochemical analyses of resected HCC specimens showed that CAV mRNA and protein levels were higher in NAFLD-HCC than in HCV-HCC ( Fig. 2A) . Furthermore, in NAFLD-HCC specimens, CAV mRNA and protein levels were higher in cancerous lesions compared to adjacent non-cancerous lesions, whereas the opposite was true in HCV-HCC specimens (Figs. 2B,C,S4 ). These results suggest that CAVs are not oncogenic factors.
Caveolins in lipid rafts of the HCC cell membrane are thought to be important for HCV-RNA replication, as HCV non-structural proteins are incorporated by phagocytosis through lipid rafts. 15 This is supported by our observation that the CAV-1 mRNA level was higher in non-cancerous lesions of HCV-HCC as compared to NAFLD-HCC (Fig. 2B) . In contrast, the CAV-1 mRNA level was very low in cancerous HCV-HCC lesions compared to non-cancerous NAFLD lesions (Fig. 2B ). Hepatitis C virus replication is reduced in cancerous HCV-HCC tissue. 16 The low CAV-1 expression in HCV-HCC suggests that both HCV replication and CAV-1 function are dispensable for HCC carcinogenesis. Nonetheless, our results suggest that CAVs play an important role in NAFLD-HCC progression by promoting survival in an FA-rich environment.
We used three HCC cell lines to investigate whether the degree of CAV expression affects HCC survival in an FA-rich environment.
In the presence of saturated FAs (PA and SA), none of the three cell lines showed robust proliferation (Fig. S5) . Plasma concentrations of total and free PA or SA in human non-alcoholic steatohepatitis patients were approximately 4200 and 150 μmol/L or 1500
and 60 μmol/L, respectively. 17 Excessive PA and SA concentrations are considered to induce apoptosis through ER stress. Our results reflect clinical conditions. 18 In contrast, CAV-rich HLE cells exposed to a monounsaturated FA (OA) showed high proliferation capacity (Fig. 3C) . Oleic acid supplementation has been used to mimic NAFLD; 19, 20 therefore, our findings indicate that CAVs are important for HCC survival in the FA-rich environment observed in NAFLD patients. sis. 31 In this study, we evaluated TG accumulation in HCC cells exposed to OA by LC-MS/MS and found that the levels of TGs, especially those containing OA, were drastically elevated in HLE cells by treatment with OA, whereas in HepG2 cells, total TG and OA-containing TG levels were enhanced by 500 μmol/L OA supplementation (Fig. 3D , Table S4 ). A much smaller increase was observed in HepG2 cells. Interestingly, the TG/DG ratio was increased in HLE cells but decreased in HepG2 cells (Fig. 3E) , although the TG level was enhanced in both cell lines (Fig. 3D ). This effect was abolished by CAV-1 silencing (Fig. 4E) , implying that OA is conjugated to DG as soon as it is internalized by cells through the activity of CAV-1. Moreover, these results suggest that OA uptake is independent of CAV;
candidate factors that mediate this process include FA translocase/ cluster of differentiation 36, FA-binding protein, and FA transport protein. 31 We speculate that CAV-1 helps HCC cells escape the cytotoxic effects of FA by producing TG through the addition of OA chains to DG. This is supported by the finding that CAVs sequester FAs on the cytoplasmic membranous leaflet, which enhances TG formation and protects cells against FA lipotoxicity.
32
In HepG2 and CAV-1 knockdown HLE cells, cleaved caspase-3 expression was upregulated in the presence of OA at concentrations >500 μmol/L (Fig. 5A,C) . These results indicate that apoptosis is induced by high extracellular concentrations of OA. Plasma concentrations of total and free OA in human non-alcoholic steatohepatitis patients are approximately 2500 and 150 μmol/L, respectively. 17 Thus, the conditions in our experiments reflect clinical NAFLD.
Ceramide is a component of the cell membrane that serves as a bioactive intermediate promoting cell death. 33, 34 Recent studies have shown that ceramides with long-chain FAs (C16-C20) have antiproliferative and/or pro-apoptotic functions. 35, 36 In particular, C18 ceramide has been shown to act as a tumor suppressor in preclinical and clinical studies. [37] [38] [39] [40] Ceramide is synthesized de novo by coupling of FA to sphingosine as well as through sphingomyelinase-dependent degradation of sphingomyelin. 41 Extracellular OA supplementation can affect the regulation of ceramide, especially if it contains OA. In this study, total and OA-containing ceramide levels were increased in the presence of OA to some extent in CAV-null HepG2 cells and CAV-1-silenced HLE cells, in which apoptosis was enhanced (Figs. 5A,C ,D,G,S7). Unexpectedly, in HLE cells, OA supplementation decreased the levels of intracellular ceramide in a concentration-dependent manner, especially in ceramide containing OA (Fig. 5D) . Moreover, the OA-induced reduction in the level of OA-containing ceramide, especially ceramide (d18:0/ 18:1), was abrogated by CAV-1 knockdown in HLE cells (Fig. 5E ).
The reason for this unusual regulation of ceramide is unclear; however, CAV-1 might be important for the incorporation and sequestration of OA as a form of TG and might suppress increases in ceramide levels by blocking OA translocation to the cell membrane.
When CAV-1 expression is inhibited in an FA-rich environment, extracellular OA is incorporated into the cell membrane as a form of ceramide, leading to apoptosis.
Recent studies have reported the importance of lipid metabolismrelated genes in HCC. [42] [43] [44] [45] [46] Our group has shown that lysophosphatidylcholine acyltransferase 1, which converts lysophosphatidylcholine to phosphatidylcholine through the addition of one FA chain, alters phospholipid composition and modulates hepatoma progression. 47 We also found that elongation of long-chain FA member six, an enzyme that converts PA to SA, is abundantly expressed in NAFLD-HCC and reduces ER stress and apoptosis induced by PA and SA. 18 Thus, HCC cells may acquire mechanisms that promote cell proliferation and invasion by reducing lipotoxicity.
In conclusion, this study shows for the first time a role for CAV- 
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